Two novel types of sorption materials for radionuclide recovery from nitric acid solutions have been developed: the solid-phase extractants prepared by impregnation of carbon nanotubes with organophosphorus and nitrogen containing ligands, as well as the polymer composites based on thermostabilized polyacrylonitrile and carbon nanotubes. Experimental data on study of the sorption properties of the novel materials towards actinides, rare earth elements and palladium are given.
Introduction
Sorption methods are widely used for preconcentration and separation of radionuclides from various solutions: natural and waste waters, industrial and technological solutions. This is due to the high efficiency of sorption recovery, its convenience and the ease of operations with radioactive samples. Development of the selective sorption methods is directed to the preparation of the novel sorption materials using promising matrices and alternative ways of synthesis. The most difficult task is the recovery of radionuclides from technological solutions with high content of nitric acid and complex element composition. In this case the necessary requirements to sorption materials are high efficiency and selectivity of recovery along with sufficient chemical and radiochemical stability. The novel types of solid-phase extractants and polymer composite fulfil these criteria and have a great potential to be apply.
Solid-phase extractants are widely used for radionuclide recovery from solutions, including nitric acid ones [1, 2] . The most efficient solid-phase extractants are those which prepared by impregnation with organophosphorus compounds, e.g. phosphonates, phosphinoxides, alkylphosphates, as well as nitrogen containing reagents, e.g. diamides, malonamides, etc. [3] [4] [5] . A number of the solid-phase extractants have been prepared with the use of novel ligands, for instance, ionic liquids and task-specific ionic liquids [6, 7] . Recent publications indicate the tendency to the application of the novel types of solid supports for ligand impregnation: high porous, finely dispersed matrices, e.g. hyper-and high-crosslinked polystyrene, nanostructured carbon materials, etc. [8] .
Carbon nanomaterials are of a special interest to be used as supports for preparation of the solid-phase extractants, for example, carbon nanotubes which have unique physical and chemical properties among which high chemical, mechanical and radiation stability. Hydrophobicity, porosity, surface features of carbon nanotubes ensure the possibility of their impregnation with various ligands and preparation of the solid-phase extaractants for the recovery of actinides, rare earth and other elements from nitric acid solutions [9, 10] .
Polymer composites could be of a particular relevance for sorption recovery of radionuclides. It is known that polymer sorbents with complex-forming functional groups are used for selective recovery of elements, including radionuclides. But most of sorbents based on polymeric matrices are not sufficiently stable in nitric acid solutions. Combination of polymers and carbon nanotubes allows one to prepare the composite materials with improved properties promising to be used for various purposes, particularly by concern sorption recovery. Addition of carbon nanotubes during the synthesis of polymeric chelating sorbents could be used to enhance their chemical, thermal and radiation stability [11] .
In the present work the novel sorption materials have been prepared for the recovery of radionuclides from nitric acid solutions: the solid-phase extractants with the use of multi-walled carbon nanotubes Taunit as solid support and the polymer composites based on complex-forming polymers and carbon nanotubes Taunit. Sorption properties of the novel sorbent materials towards actinides, rare earth elements and palladium in nitric acid solutions were studied.
Carbon nanotubes Taunit
Multi-walled carbon nanotubes Taunit® (Russia) are prepared by chemical vapour deposition method and purified with nitric acid under synthesis. Taunit represents one-dimensional nanoscale thread-like formation of polycrystalline graphite in the form of black dry powder well-dispersible in water solutions. The main characteristics of Taunit: internal diameter 3-6 nm, external diameter 15-40 nm, length 2 m, average pore size 70 Å, total porosity 52%, the specific geometric surface 120 m 2 /g, thermal stability up to 600 ° . Radiation stability of Taunit has not been specifically studied. However according to the literature data the radiation stability of carbon nanotubes is comparable to, or in some cases even exceeds the radiation resistance of the other carbon materials, e.g. graphite [12, 13] . It can be concluded that the sorption materials based on carbon nanotubes Taunit will be sufficiently stable under high radiation conditions. Sorption ability of carbon nanotubes Taunit towards radionuclides was studied in our previous work. It was found that Taunit could ensure almost complete recovery of 241 Am, 239 Pu, 152-154 Eu, 233 U, 99 Tc from neutral and weak acid solutions (pH=3-7). The recovery of actinides, rare earth elements and palladium from 3 mol/L HNO 3 by Taunit without modification with ligands is negligible [14] . The possibility of Taunit modification to prepare the solid-phase extractants and the polymer composites for radionuclide recovery from solutions with high content of nitric acid was demonstrated [1, [14] [15] [16] [17] .
Preparation of the solid-phase extractants and the recovery of actinides and rare earth elements
The solid-phase extractants for recovery of radionuclides from nitric acid solutions were prepared by impregnation of Taunit with organophosphorus and nitrogen containing ligands: diphenyl(dibutylcarbamoylmethyl)phosphine oxide (CMPO), tri-n-octylphosphine oxide (TOPO), tri-nbutylphosphate (TBP) and N,N -dimethyl-N,N -dioctylhexylethoxymalonamide (DMDOHEMA), which are widely applied for liquid-liquid extraction. For impregnation we also used phosphonium ionic liquid Cyphos IL-101, which does not dissolve in water solutions and possesses ability to be kept on the solid supports due to its hydrophobic properties. The possibility of Cyphos IL-101 application for solid-phase extraction of elements, including plutonium was demonstrated earlier [18] .
Impregnation of Taunit was carried out by means of the technique developed by us: stirring of suspension of Taunit and a ligand directly in nitric acid solution [15] . We used the ability of organophosphorus ligands to form adducts with nitric acid which represent water-immiscible liquid phase [19, 20] . Earlier it was shown that adducts of ligands have a high complex-forming activity towards actinides [20] and can be kept on the solid supports in nitric acid solutions. We have selected the concentration of nitric acid for Taunit impregnation on the basis of the publications [20, 21] , where the conditions of adduct formation were given. The mass ratio of Taunit and ligand was chosen on the basis of experimental data on U(VI) and Am(III) recovery by the solid-phase extractants prepared by impregnation of Taunit with CMPO adducts in 5 mol/L HNO 3 (table 1) . The conditions of Taunit impregnation with ligand adducts in nitric acid solutions were selected: 0.2 g of Taunit, 0.07-0.2 g of reagent, 2 mL of 5-8 mol/L HNO 3 , time of ultrasound stirring 15 min. The ligand content on the phase of the solid-phase extractant amount to 0.7-1.3 mmol/g. Under selected conditions the solid-phase extractants were prepared by impregnation of Taunit with adducts of CMPO, TOPO, TBP, DMDOHEMA, as well as phosphonium ionic liquid Cyphos IL-101. The impregnation of Taunit in nitric acid solutions guarantees complete and strong retention of ligands on the solid phase and provides the possibility to prepare the solid-phase extractants promising for complete recovery of actinides and rare earth elements from nitric acid solutions.
The sorption ability of the solid-phase extractants was evaluated on the example of actinide and europium recovery. Distribution coefficients of radionuclides under their recovery by the solid-phase extractants are shown in the table 2 (indicated oxidation states of elements -in the solution prior to sorption recovery). The presented data show that in dependence on the impregnated ligand preconcentration of target elements and/or their separation from others ones could be achieved. Thus, the solid-phase extractants with CMPO groups ensure the possibility of complete recovery of all studied radionuclides from 3 mol/L HNO 3 solutions, including Am(III) and Eu(III). The solid-phase extractants with groups of TOPO and DMDOHEMA are sufficiently effective towards U(VI) and Pu(IV). It corresponds with the data on liquid-liquid extraction of radionuclides from nitric acid solutions [22] . The solid-phase extractants prepared using adducts of CMPO, TOPO and DMDOHEMA are also effective towards Np(V), that is quite unusual for Np(V). High distribution coefficients of neptunium under sorption can be stipulated by neptunium oxidation from Np(V) to Np(VI) [20] . Impregnation of Taunit with Cyphos IL-101 allows one to obtain the solid-phase extractants for complete recovery of Pu(IV) and its separation from other actinides in 3 mol/L HNO 3 . It should be noted that the prepared solid-phase extractants have a high chemical stability in nitric acid solutions: after pretreatment of the solid-phase extractants with 3 mol/L HNO 3 for 72 h their sorption ability does not decrease. The kinetic properties of the prepared solid-phase extractants were also investigated. The recovery of U(VI), Np(V) and Pu(IV) by the solid-phase extractants with CMPO, TOPO and DMDOHEMA groups, as well as Am(III) and Eu(III) by the solid-phase extractants with CMPO groups in dependence on contact time was studied. It was found that almost complete recovery of actinides and europium (>90%) was achieved within a short period: 10-20 min.
The good kinetic properties allow one to apply the solid-phase extractants based on Taunit for radionuclide recovery both under static and dynamic conditions. For example we have carried out the experiments on actinide preconcentration from 3-5 mL of 3 mol/L HNO 3 solution under dynamic mode using microcolumns filled with the solid-phase extractants containing CMPO ligand: column (0.9 cm × 0.5 cm), sorbent mass 0.1 g, height of sorbent layer 0.5 cm, solution flow rate 0.5 mL/min. It was shown that the application of microcolumns ensures efficient recovery (>90%) of U(VI), Pu(IV) and Am(III). The selectivity of recovery significantly depends on the concrete conditions: selected support, impregnated ligand, concentration of nitric acid, element composition of solution, nature and concentration of eluent, etc.
To elute radionuclides after their preconcentration different complex-forming reagents can be used, e.g. ammonium carbonate or oxyethylidenediphosphonic acid. Column preconcentration of actinides by the solidphase extractants based on Taunit and subsequent elution can be applied for analytical determination of radionuclides in nitric acid solutions.
Selectivity of the solid-phase extractants in the presence of large amounts of fission products and other elements was studied on the example of recovery of U(VI), Pu(IV) and Am(III) by Taunit-CMPO. For this purpose we prepared the model solution containing (g/L): Na-0.50, Cs-0.35, Ca-0.10, Sr-0.23, Al-0.10, Co-0.21, Fe-0.48, Pd-0.40, Mo-0.97, Zr-0.82 in 3 mol/L HNO 3 . It was found that the presence of Mo, Zr and Pd significantly decreases the actinide recovery; it is preferable to remove these elements preliminary. The negative influence of Fe(III) can be eliminated by addition of ascorbic acid [3] . The presence of other elements does not influence on the recovery of U(VI), Pu(IV) and Am(III).
Solid-phase extractants and polymer composites for recovery of palladium from nitric acid solutions
Sorption recovery of palladium from nitric acid solutions is of a particular interest for radiochemistry [23] . It is known that during reprocessing of spent nuclear fuel using nitric acid besides actinides and rare earth elements in the solutions there are a lot of other radionuclides, including palladium. Recovery of radiopalladium both for practical application and for safety storage of radioactive wastes is a very important task [24, 25] . To separate radiopalladium from solutions with high concentration of nitric acid and complex salt bulk the sorption materials characterized by high sorption ability, selectivity along with sufficient stability are required. We prepared the solid-phase extractants and polymer composites which can be used for palladium recovery.
Preparation of the solid-phase extractants was carried out by impregnation of carbon nanotubes Taunit with 2mercaptobenzothiazole (2-MBT), which has a strong binding affinity to palladium in acid solutions and can be kept on the solid support. The conditions of Taunit impregnation were selected: 1 g of Taunit, 0.19-0.36 g of 2-MBT in 5 mL of acetone, time of ultrasound stirring 30 min. After removal of organic solvent the materials were washed with 3 mol/L HNO 3 . Sorption ability of the solid-phase extractants was evaluated for palladium recovery from the model solution in 3 mol/L HNO 3 . The experimental data are given in the table 3. As it was found the solid-phase extractants with 2-MBT are characterized by sufficient stability in 3 mol/L HNO 3 at room temperature and could be applied for recovery of radiopalladium from nitric acid solutions.
To prepare polymer composites the thermostabilized polyacrilonitrile (PAN) and the polymer based on PAN with hydrazine and amidoxime groups were selected.
Thermostabilized PAN contains the functional groups which could reveal a binding affinity to palladium [17, 26] . To prepare polymer composites based on thermostabilized PAN and Taunit the components were combined and treated at high temperature. For these purposes suspension of Taunit in dimethylformamide (DMFA) prepared under ultrasound treatment was added to PAN solution in DMFA (PAN was used in the form of powder). After ultrasound stirring of the components and removal of DMFA the prepared materials were placed in the muffle furnace and treated at 400°C for 0.5 h. The polymer composites were washed by 3 mol/L HNO 3 and used for palladium recovery. The experimental data on sorption activity of the composites are given in the table 4. The experimental data show that the thermostabilized PAN possesses high sorption activity towards palladium; however its sorption capacity dramatically decreases in 3 mol/L HNO 3 , especially at elevated temperatures. Addition of carbon nanotubes Taunit leads to improvement of PAN stability in nitric acid solutions. The more carbon nanotube content in the composite, the smaller its sorption capacity but the greater its chemical and thermal stability even under long heating.
It is known that many complex-forming sorbents are widely used for noble metal recovery, including palladium. But their application is limited in nitric acid media. For example, the sorption material based on PAN with hydrazine and amidoxime groups has extremely high sorption capacity to Pd in nitric acid solutions: up to 195 mg/g [27] , but the polymer tends to destruction at elevated temperatures in nitric acid solutions. To improve chemical and thermal stability of the polymer carbon nanotubes Taunit were added during the process of polymer synthesis. For this purpose PAN, Taunit, hydrazine hydrate and hydroxylamine were stirred in aqueous solution under thermal heating at 70°C in ultrasound bath for 1 h. The polymer composite was separated from liquid phase and washed by 3 mol/L HNO 3 . It was found that the polymer composite containing 5 wt.% of Taunit is characterized by high efficiency of palladium recovery from 3 mol/L HNO 3 (183 mg of Pd per 1 g of the polymer composite) and sufficient stability in nitric acid solutions.
The given data enable to conclude that the polymer composites have a good potential to be used for recovery of radiopalladium from nitric acid solutions.
Conclusion
Novel sorption materials prepared using multi-walled carbon nanotubes Taunit -the solid-phase extractants and the polymer composites possess high sorption ability for radionuclide recovery from nitric acid solutions. The solid-phase extractants prepared by Taunit impregnation with nitrogen and phosphorus containing ligands are characterized by efficient recovery of U(VI), Pu(IV), Np(V), Am(III), Eu(III), good kinetic properties and could be used both for preconcentration of actinides and rare earth elements and their analytical determination, and for removal of radionuclides from nitric acid solutions under reprocessing of spent nuclear fuel.
The polymer composites based on the thermostabilized PAN and PAN with hydrazine and amidoxime groups prepared using carbon nanotubes Taunit as an additive are distinguished by chemical and thermal stability as well as sufficiently high sorption capacity towards palladium. The polymer composites are promising for palladium recovery from nitric acid solutions.
